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ABSTRACT

The rapid conversion of grasslands into shrublands
has been observed in many arid and semiarid re-
gions worldwide. Studies have shown that fire can
negatively affect shrub communities and promote
resource homogenization, thereby providing some
reversibility to the resource heterogeneity induced
by shrub encroachment, especially in the early
stages of encroachment. Here, we used prescribed
fire in a grassland—shrubland transition zone in the
northern Chihuahuan Desert to test the hypothesis
that fire facilitates the remobilization of nutrient-
enriched soil from shrub microsites to grass and
bare microsites and thereby reduces the spatial
heterogeneity of soil resources. Results show that
the shrub microsites had the lowest water content
compared to grass and bare microsites after fire,
even when rain events occurred. Significant dif-
ferences of total soil carbon (TC) and total soil
nitrogen (TN) among the three microsites were not
detected 1 year after the fire. The spatial autocor-

relation distance increased from 1 to 2 m, approx-
imately the mean diameter of an individual shrub
canopy, to over 5 m 1 year after the fire for TC and
TN. Patches of high soil C and N decomposed 1 year
after the prescribed fire. Overall, fire stimulates the
redistribution of soil C and N from shrub microsites
to nutrient-depleted grass and bare microsites,
leading to a decrease in spatial heterogeneity of
these elements. The redistribution of soil C and N
from shrub to grass and bare microsites, coupled
with the reduced soil water content under the
shrub canopies but not in grass and bare microsites,
suggests that fire might influence the competition
between shrubs and grasses, leading to a higher
grass, compared to shrub, coverage in this ecotone.
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INTRODUCTION

Globally, in many arid and semiarid grassland sys-
tems, woody plant encroachment has dramatically
changed land cover patterns, which has resulted in
substantial soil loss and exacerbated desertification
(Schlesinger and others 1990; Allred 1996; Van
Auken 2000; Gibbens and others 2005; Throop and
others 2013; Puttock and others 2014). The erosion
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and redistribution of soil resources in these regions
result in a heterogeneous patchy landscape with
hydrologically and nutrient-enhanced vegetated
microsites and nutrient-depleted bare soil inter-
spaces, often considered a manifestation of land
degradation (Schelsinger and others 1990). On the
other hand, recurrent disturbances such as fires are
known to decrease vegetation cover and increase
soil erodibility (Ravi and others 2007; Sankey and
others 2009; Field and others 2011). Although the
accelerated soil erosion may contribute to land
degradation of some ecosystems (Breshears and
others 2003; Sankey and others 2009, 2012b, ¢
Miller and others 2012; Merino-Martin and others
2014), several studies have also found that periodic
fire favors the homogenization of soil resources and
can provide some form of reversibility for the grass—
shrub transition, especially in the early stages of
shrub encroachment (Van Wilgen and Trollope
2003; White and others 2006; Ravi and others
2009; Ravi and D’Odorico 2009; White 2011;
Sankey and others 2012a).

Interactions and feedbacks exist among fire,
wind erosion, and vegetation in many arid and
semiarid lands, and are thought to impact the
progression of land degradation (Okin and Gillette
2001; Breshears and others 2003; Ravi and others
2007; Sankey and others 2009, 2012b, c; Field and
others 2011; Miller and others 2012; Merino-Mar-
tin and others 2014; Ladwig and others 2014).
During the shrub encroachment process, when
herbaceous plant cover is reduced, accelerated lo-
cal-scale erosion redistributes soil materials from
bare patches to shrub canopy patches, resulting in
self-reinforcing “‘islands of fertility’”” under the ca-
nopy of shrubs (Schlesinger and others 1990; Ravi
and others 2010). Furthermore, undershrub soil
surfaces erode at substantially slower rates than
barren interspaces, creating a positive feedback that
reinforces the micro-topographic development of
raised shrub mounds and lower-elevation inter-
spaces (Breshears and others 2003; D’Odorico and
others 2010; Sankey and others 2012b). With the
occurrence of fire, most shrub canopies and grasses
can be temporarily removed, leading to enhanced
wind erosion of the surface materials (White and
others 2006; White 2011; Sankey and others 2011,
2012a, c). Furthermore, the volatile organic com-
pounds released by burning vegetation can induce
soil water repellency in the vegetated microsites,
which can accelerate patch-scale runoff and soil
erosion (DeBano 1966, 2000; Ravi and others 2006,
2007; Sankey and others 2012b). In addition, fre-
quent and intense fire act as a dominant control
over the survival of woody plant seedlings

(D’Odorico and others 2012; Sankey and others
2012b), which are sensitive to fire. Some shrubs are
susceptible to fire-induced mortality before reach-
ing a certain growth stage and others may not even
resprout after the destruction of aboveground bio-
mass (McPherson 1995; Barger and others 2011).

Owing to fire-induced mortality and top kill of
shrubs, residual charred stumps in recently burned
landscapes have limited capacity to capture wind-
blown sediments or to resist erosion compared to
unburned shrubs (Sankey and others 2010). Nev-
ertheless, burned stumps and stems do provide
some surface roughness, which results in less ero-
sion, compared to surfaces where the shrubs were
completely combusted (Sankey and others 2010).
Leaf litter is also lost after fires, which exposes soil
surface directly to the erosive action of wind (Neary
and others 2005). Moreover, the elevated micro-
topographic position makes soil in shrub microsites
vulnerable to wind erosion, leading to the erosion
of nutrient-enriched soil and ash under the shrub
canopies and the redistribution of the associated
soil properties (Parsons and others 1992; Ravi and
others 2009; Sankey and others 2011; 2012a, b, c).
Conversely, microsites with grass, which resprout
more quickly than shrubs after fire and have
aboveground meristems that are able to capture
wind-blown sediments, tend to become the domi-
nant sink areas of wind-blown sediments and
nutrients (Ravi and others 2009).

Despite the importance of the interactions
among fire, eolian processes, soil nutrients and
vegetation in ecosystem degradation, field-based
experiments that explicitly link soil nutrient redis-
tribution to post-fire eolian sediment transport in
grass—shrub ecotones are still lacking, particularly
at the fine spatial scales of vegetation microsites.
Studies that specifically focus at the fine scale and
on the role of individual plant microsites are re-
quired to pinpoint the precise interactions among
plants, soil, and external factors. Here, we con-
ducted an experiment in a grassland-shrubland
ecotone to investigate the post-fire soil carbon (C)
and nitrogen (N) redistribution. Soil C concentra-
tion is an important component of and proxy for
the amount of organic matter in soils (Schlesinger
and Andrews 2000). Soil N is the most important
essential macronutrient in desert ecosystems that
determines plant growth and can be used as an
indicator of desertification (Schlesinger and others
1999; Hartley and others 2007).

The objective of this study was to investigate the
variation of total carbon (TC) and total nitrogen
(TN) in the surface soil as a result of a prescribed
fire at a grass—shrub ecotone, with the particular
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focus on microsites beneath shrubs and grasses, as
well as the bare soil interspaces. Our hypothesis is
that fire and the subsequent enhanced wind ero-
sion facilitate the transfer of nutrient-enriched soil
from the fertile shrub islands to the nutrient-de-
pleted bare interspaces, thereby reducing the spa-
tial heterogeneity of surface soil and affecting the
recovery of vegetation.

METHODS
Site Description

The study site is a grass—shrub transition zone lo-
cated at Sevilleta National Wildlife Refuge (SNWR)
in the northern Chihuahuan Desert, 42 km
northeast of Socorro, New Mexico, USA. This site is
a black grama (Bouteloua eriopoda)-dominated
grassland with creosote bush shrubs (Larrea triden-
tata), and the soil is primarily sandy loam (Johnson
1988; Cunliffe and others 2016). The field site ex-
hibits a heterogeneous landscape with a mosaic of
grasses (55-60% land coverage), shrubs (5-10%),
and bare soil interspaces (30-35%) (D’Odorico and
others 2010). The relatively sparse grass cover in
this transition system provides enough connectivity
for fires to spread under ideal burning conditions
(Ravi and others 2009; Dukes and others 2018).
The windy season is from March to May and the
predominant wind is from the southwest (Dukes
and others 2018). Most of the summer precipitation
occurs from June to September, during the North
American Monsoon (Gosz and others 1995; Baez
and Collins 2008).

Experimental Methods

In March 2016, we  established two
100 m x 100 m monitoring areas (one burned and
one control), separated by 250 m and oriented
along a line perpendicular to the prevailing wind
direction (Figure 1A). These two areas are charac-
terized by similar soil texture, vegetation coverage,
and topography. We conducted a prescribed fire in
one of the monitoring areas on March 10, 2016, to
create the burned treatment (Figure 1B, C). Each
of the monitoring areas contains three
30 m x 10 m replicated plots that are oriented
with long axis parallel to the predominant wind
direction to minimize interactions. In the middle of
each 30 m x 10 m plot, a 5m x 5 m sampling
area was established to collect soil samples (Fig-
ure 1A).

The treated areas contain three types of micro-
sites, namely grass, shrub, and bare interspace.
Grass microsites are areas with grass growth and

areas beneath grass canopies. Shrub microsites re-
fer to areas under shrub canopies and commonly
range in diameter from 50 to 150 cm. Bare inter-
space microsites are characterized by soil surface
with no visible vegetation coverage and usually lie
between neighboring vegetated microsites.

Within each (5 m x 5 m) sampling area, we
collected 50 randomly distributed soil samples from
the top 5 cm of the soil profile twice a year before
and after the spring windy season (Figure 1B-D).
The coordinates of the sampling locations were
randomly generated, and a different set of sampling
locations was used for each sampling period. Dur-
ing the process of soil sampling, locations of the soil
samples were carefully determined to an accuracy
of 1 cm in the 5 m x 5 m sampling area. The mi-
crosite type of every sampling point was also re-
corded. The three sampling periods were (1) March
2016, immediately after the prescribed fire; (2)
June 2016, after one windy season following the
prescribed fire; and (3) March 2017, 1 year after
the prescribed fire.

Two identical 4-m tall meteorological towers
were installed in the burned and control areas. The
wind speed was measured every second at 4 dif-
ferent heights (0.5, 1.0, 2.0, and 4.0 m) and aver-
aged with 1-min interval. Soil volumetric water
content (VWC) at each type of the microsite was
measured using a soil water content reflectometer
(CS 655, 12 cm soil water content reflectometer,
Campbell Scientific, UT, USA).

Two sets of MWAC (Modified Wilson and Cooke)
and one set of BSNE (Big Spring Number Eight)
sediment samplers were installed on each plot in
order to measure the horizontal mass flux of the
eolian transport. The detailed description of the
samplers and the calculation of the time-averaged
horizontal flux can be seen in Dukes and others
(2018).

Plant cover and community composition of each
treated area were monitored by two 50-m line
intercept transects (parallel and perpendicular to
wind direction) every March and June. The plant
canopy height and width, as well as the interspace
width, were measured along the transects.

Laboratory Analysis

In the laboratory, each soil sample was air-dried
and sieved through a 2-mm screen to remove roots,
debris, and gravels. Each sample was then ground
to fine powder by a ball mill (PBM-04 Planetary
Ball Mill, RETSCH, Germany). The content of TC
and TN in the soil samples was determined via dry
combustion using an element analyzer (FLASH
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Figure 1. A Experimental layout in the field; B the surface condition of the study area in Mar. 2016 before the prescribed
fire; C the surface condition of the control site in Mar. 2016 immediately after the prescribed fire; D the surface condition
of the burned site in Mar. 2017 (1 year after the prescribed fire). Note diagram A was not made to scale.

2000 OEA, Thermal Fisher Scientific, USA). This
instrument uses approximately 15 mg of subsam-
ples.

Data Analysis
Conventional Statistical Analysis

For both the burned and control plots, we calculated
the mean concentrations of soil TC, TN, C/N ratio for
the entire sample (nz =50) as well as the mean
values of TC, TN, C/N ratio for soil samples collected
from different types of microsite (n varies). The
coefficient of variation of TC and TN was also cal-
culated to describe the overall variations among
samples taken at each sampling plot. The difference
of soil TC and TN between the burned and control

plots for the entire sample was compared by f-test,
and we also conducted one-way ANOVA to com-
pare the mean values of the TC and TN in different
sampling periods in the burned and control plots.
Finally, a two-way ANOVA was performed to
identify the difference of TC and TN among different
microsites (factor 1) and different sampling periods
(factor 2). Unless otherwise indicated, we set
P < 0.05 for significance. All the non-geostatistical
analyses were performed using R software version
3.3.3 (R Development Core Team 2013).

Geostatistical Analysis

The characteristics of the spatial distribution of soil
TC and TN were quantified using geostatistical
analyses. Semivariograms, which reveal the aver-



178 G. Wang and others

age variance found in comparisons of samples ta-
ken at increasing distance from one another (Sch-
lesinger and others 1996), were constructed for
both C and N for each sampling period. All the data
variables were transformed using the natural log-
arithm prior to analysis in order to more closely
approximate normal distributions. A semivari-
ogram was constructed using the lag interval of
0.2m in each 5m x 5m sampling plot. The
slightly larger lag interval than the minimum
sample separation distance was used to better de-
scribe the potential change of soil spatial distribu-
tions with the continuation of wind erosion (Li and
others 2008). Moreover, the grass clumps in the
study area are typically 20 cm in diameter or less,
so we expected that grassland with little shrub
cover would show a higher nugget value than
grassland with more shrub cover. When comparing
the isotropic and corresponding anisotropic semi-
variograms at 0°, 45°, 90°, and 135°, we found no
significant directional patterns. Therefore, isotropic
semivariograms were used in all analyses.

The spherical model is often used to fit the
empirical soil resources distribution (Schlesinger
and others 1996; Li and others 2008). The formula
of the spherical model is:

7(]’1) =Cy+C ]’1>A07

where / is the lag interval, A is the range, C, is the
nugget variance, and C is the structural variance.
The nugget (Cy) is the intercept of the y-axis on the
semivariogram and represents the short-range er-
ror (Schlesinger and others 1996). The range (A4o)
indicates the distance of spatial dependence. The
semivariogram of this model first increases and
then reaches the sill (Cy+ C). The magnitude of
spatial dependence can be illustrated though C/
(Co+ C). High C/(Co+ C) values suggest strong spa-
tial autocorrelation, whereas low values imply
weak spatial autocorrelation (Jackson and Caldwell
1993; Li and others 2008).

To further illustrate the changes in the spatial
distribution of C and N in surface soil of the study
areas, we produced kriged maps using the param-
eters from the semivariogram models. Maps were
produced using ordinary kriging method with a
block size of 0.1 x 0.1 m?. The geostatistical anal-
yses were conducted using the GS* package (GS™*
version 10, Gamma Design Software, Plainwell,
Michigan).

REsuLTs

Characteristics of Physical Environment
and Vegetation Coverage

During the study period, the highest average daily
wind speed was 12.97 m/s, which occurred on May
1, 2016 (Figure 2A). Generally, erosive winds oc-
curred in spring and late fall. The total precipitation
from March 2016 to March 2017 was 192 mm in
the study area, and many of the rain events oc-
curred from July to September (Figure 2B).

Distinct patterns of VWC were observed under
different microsites between the control site and the
burned site (Figure 2C, D). At the control site, VWC
was generally the highest at the shrub microsites
and the lowest at the grass microsites after heavy
rains. At the burned site, the shrub microsites
consistently had the lowest water content even
when it rained, while the bare and grass microsites
had similarly higher soil water content throughout
the year. At both the burned and control sites, the
VWC falling rate for the three types of microsites
was similar after individual rain events.

Vegetation transects show that the wind direc-
tion has seemingly indiscernible influence on veg-
etation and bare interspace coverages. From March
2016 to June 2016, the plant coverage recovered to
19.2% at the burned site, 95% of which were
grasses. In March 2017, the total plant coverage at
the burned site increased to 24.2%, 87% of which
were grasses, and the average plant height recov-
ered to 12 cm. At the control site, the total plant
coverage was 49% in March 2017, and grasses ac-
counted for 73% of the total vegetation.

Overall Change of Carbon and Nitrogen

Mean soil C content increased significantly from
0.82 to 1.07% in the burned plots over a 1-year
period (Figure 3A, one-way ANOVA, P < 0.05),
and soil C in the burned plots was also significantly
higher than that of the control plots in March 2017
(Figure 3A, t-test, P < 0.05). A similar, yet slightly
weaker pattern was also observed for soil N be-
tween the burned and control plots. However, the
increase in TN in the surface soil of the burn plots
was not significant (Figure 3B).

During the period of the experiment, the overall
variation (denoted by coefficient of variation, CV)
of TC and TN generally decreased at the burned site
(Table 1). A notable decrease in CVs for both TC
and TN was observed from March 2016 to March
2017 as a result of the prescribed fire, whereas at
the control site, the CVs for both TC and TN in-
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creased from around 15-40% after one windy
season and then remained almost constant till
March 2017. Additionally, the average C/N ratios
in the burned treatment site increased moderately
from 11.89 to 13.78 during the experiment time
period.

Change of Carbon and Nitrogen
at Different Types of Microsites

At the beginning of the experiment, soil TC under
the shrub microsites was significantly greater than
both the bare and grass microsites in the burned



180 G. Wang and others

Table 1. Coefficient of Variation [(SD/
mean) x 100%] for TC and TN, and the C/N
Ratios of the Study Areas from March 2016 to
March 2017

Treatment Burned Control

Parameter CV (%) C/Nratio CV (%) C/N ratio

TC TN TC TN
Mar. 2016 39 31 11.89 16 15 10.19
Jun. 2016 34 38 13.66 42 40 12.59
Mar. 2017 25 28 13.78 41 40 13.01

n = 50.

plot (Figure 4A). After 1 year in March 2017, no
significant difference in soil TC existed among the
three types of microsites in the burned plot (Fig-
ure 4C). In contrast, soil TC in the shrub microsites
was higher than the other two types of microsites
in the control plot (Figure 4E, F). Figure 4 also
shows that the temporal change of soil C content
after the prescribed fire was only minor at different
microsites, as no significant change was found in
any of the microsites from June 2016 to March
2017.

The variation of soil N at the microsites is similar
to that of the soil TC (Figure 5). Although signifi-
cant differences in TN existed between shrub mi-
crosites and the other two microsites initially, TN
did not vary significantly among the microsites in
March 2017, 1 year after the prescribed fire.

Geostatistical Analysis
Semivariograms and Spatial Autocorrelation

The spherical model provided a good fit to the
semivariograms. The range A, and spatial depen-
dence index C/(Cy+ C) of the semivariogram for TC
and TN in each plot throughout the experimental
period are presented in Table 2.

Following the prescribed fire in March 2016, soil
TC in the burned and control plots was autocorre-
lated over a distance of 1.83 and 0.95 m, respec-
tively. After the spring windy season, the
autocorrelation distance in both the burned and
control plots was even shorter. In March 2017,
1 year after the prescribed fire, soil C in the burned
plot was autocorrelated at a much larger distance
(> 5 m), whereas in the control plot the distance
was 2.20 m. During the same period of time, the
magnitude of spatial dependence (C/(Co+ C))
changed slightly from greater than 90% to about
86% for both the burned and control plots.

In March 2016, the autocorrelation distance for
soil TN was 1.60 and 2.71 m for the burned and
control plots, respectively. After 1 year, the auto-
correlation range for the burned plot increased sub-
stantially to greater than 5 m, whereas it decreased
to 1.55 m for the control plot. The variance that was
spatially dependent (C/(Cy+ C)) for the burned plot
increased from 84 to 99% during the spring windy
season and then decreased to 86%. Different from
the burned plot, the C/(Co+ C) ratio for TN in the
control plot increased after the spring windy season
and then remained high in March 2017.

Kriging Analysis

The kriging maps show that soil C and N were
patchily distributed in the burned and control plots
(Figures 6, 7). This high variation of soil C and N
content was also observed in the results of the
conventional statistical analyses (Table 1). At the
beginning of the study, a strong concentrated area
was found for C and N in the burned plot. In June
2016, two relatively smaller patches were observed
in the burned plot for both C and N after the spring
windy season. In March 2017, 1 year after the pre-
scribed fire, strong patches of C and N disappeared
from the burned plot, whereas such strong patches
persisted in the control plot. The kriging maps also
show that the presence of C and N patches is gen-
erally in agreement with the distribution of shrubs.
Because of the random sampling scheme, some
microsites might not have been sampled when col-
lecting soil samples as well as recording microsite
types, resulting in some unexplained spatial and
temporal variations in the kriging results.

DiscussioN

The northern Chihuahuan Desert has experienced
extensive encroachment of grasslands by shrubs
over the past 150 years (Buffington and Herbel
1965; Gibbens and others 2005; Snyder and Tar-
towski 2006; Li and others 2007; Okin and others
2009a, b; D’Odorico and others 2012). Although
the mechanisms of such a rapid ecosystem change
are still under debate, D’Odorico and others (2012)
pointed out that the absence of wildfire and only a
sporadic use of prescribed fire in rangeland man-
agement may provide a positive feedback to the
shrub dominance in many semiarid grasslands. It is
well known that fire can kill shrub seedlings and
thus prevent shrubs from expanding in some
landscapes (D’Odorico and others 2012; Okin and
others 2009b). However, the role of post-fire wind
and water erosion in altering and redistributing
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(Color figure online).

rangeland resources such as soil water, organic
matter, and nitrogen is not as well documented in
arid and semiarid systems.

Post-fire climatic conditions affect aboveground
biomass recovery substantially in semiarid ecosys-
tems (Drewa and others 2006; Burnett and others

2012). Ladwig and others (2014) demonstrated
that precipitation could influence community tra-
jectories during post-fire recovery in semiarid re-
gions. Large amounts of precipitation can
accelerate plant recovery, whereas drought is likely
to delay the regrowth of perennial grasses (Burnett
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Figure 4.

and others 2012). Results of our study showed that
the effect of fire on soil water content varied
depending on the microsite types. The shrub mi-
crosites were characterized by the lowest soil
moisture content post-fire, which in a previous
study has been attributed to the post-fire soil
hydrophobicity induced by the burning of shrub
biomass and surface litter (Ravi and others 2006).
This patch-scale soil water repellency—soil erosion

feedback is known to decrease water infiltration
and increase runoff in the soil surface (Ravi and
others 2009). The reduced soil moisture content in
shrub microsites may lead to greater surface runoff
during intense rain events, which can accelerate
the transport of nutrient-rich ash and surface soil
aggregates and reduce water retention in the mi-
crosites. Such alterations in patch-scale soil and
hydrological processes in this ecosystem may even
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Table 2. Summary of the Semivariogram Model Parameters for Carbon and Nitrogen Concentrations in
Burned and Control Plots During the Experimental Period
Elements Carbon Nitrogen
Time Ao (m) C/(Co + C) Ao (m) C/(Co + C)

Burned Control Burned Control Burned Control Burned Control
Mar. 2016 1.83 0.95 0.94 0.95 1.60 2.71 0.84 0.85
Jun. 2016 1.41 0.87 0.98 0.99 1.25 1.12 0.99 0.99
Mar. 2017 > 5.0 2.20 0.89 0.86 > 5.0 1.55 0.86 0.99

diminish the viability of microbes involved in bio-
geochemical cycling and can prevent the recolo-
nization of new plants (Ice and others 2004).

Reduced soil water content after the fire, how-
ever, may affect shrubs and grasses differently.
Black grama, a typical C4 grass, inherently has a
higher water use efficiency than C3 shrubs, which
can improve the competitiveness of grasses over
shrubs (West and others 2006; D’Odorico and
others 2012). Compared to shrubs, many grasses
also respond faster to the post-fire increase in the
availability of nitrogen and phosphorus, especially
in low-nutrient desert grassland ecosystems
(Brooks and Pyke 2001). Moreover, previous
studies have demonstrated that herbaceous plants
can recover to pre-fire levels within 1-2 years post-
fire, while shrubs may need up to 12 years to re-
cover to pre-fire canopy sizes in the Chihuahuan
Desert (Parmenter 2008; Sankey and others
2012a). Results of our study also showed that
grasses recovered much faster than shrubs after the
fire, which might be explained by the combined
effect of additional nutrient inputs, increased soil
water availability, and different water use effi-
ciency.

The significant change of the spatial distribution
patterns of TC and TN after a spring windy season is
likely caused by post-fire eolian processes. In the
study area, the average horizontal mass flux in the
burned plots (75.3 gm ' d~') was nearly three
times higher than in the control plots (27.1 g m™
''d™") (Dukes and others 2018). The decreased CV
of TC and TN at the burned site indicates that they
were more homogeneously distributed after a
windy season. The increased C/N ratio in the
burned plots reflects more efficient plant-microbial
interactions, as organic matter may experience ra-
pid decomposition after fire (Pauli 1964; Li and
others 2007).

Results of our study highlighted the differential
changes in the surface soil TC and TN by microsite
types after the fire. Although nutrient concentra-

tions were greater in the shrub microsites imme-
diately after the fire, the difference among these
microsites decreased with time, and finally became
insignificant in March 2017. Such a change in the
TC and TN concentrations among different micro-
sites suggests that strong fertility islands that were
formed under shrubs before the fire may have
disappeared by 1 year after the fire. This assertion
was further supported by the geostatistical analysis,
which showed that the scale of spatial autocorre-
lation within the burned site changed from
approximately the diameter of an individual shrub
canopy to greater than 5 m (Table 2).

Although we did not observe a significant change
of TC and TN in the grass microsites (Figure 1C),
grasses are known to keep their pedestals with fi-
brous meristems after fire and therefore can cap-
ture wind-blown sediments and protect the
sediments in grass microsites from erosion
(Lauenroth and others 1993; Neary and others
2005; White 2011; D’Odorico and others 2012).
Bare microsites occupy the lowest micro-topo-
graphic positions, making them potentially more
suitable for sediment deposition and thereby
transforming their function from predominant
source to possible sink of sediments and nutrients
after fire (Sankey and others 2012a).

The kriging maps of geostatistical analysis
showed the spatial patterns of TC and TN and their
relationships with microsites. The spatial clustering
of TC and TN in the control plot are closely related
with the fertile islands formed under shrubs, which
agrees with many other studies in shrubby grass-
lands, showing that the patchy distribution of
vegetation is normally mirrored in the soil beneath
it (for example, Schlesinger and others 1996;
Thompson and others 2006; Li and others 2008).
The kriging analysis also showed that fire and
subsequent enhanced wind erosion have redis-
tributed TC and TN in surface soil with different
concentrated zones (denoted by dense contour
lines in Figures 6 and 7) after a windy season.
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However, a much more homogenized surface was
observed 1 year later as illustrated by the spatial
patterns of soil TC and TN. Without shrub canopies,
the shrub microsites lost their advantages in cap-
turing wind- or water-transported sediments de-
rived from uncovered bare interspaces. Combined
with the comparably higher micro-topographical
relief, shrub microsites transitioned from net soil
and nutrient’ sinks to source areas, resulting in a
disaggregation of the islands of fertility underneath
shrub canopies 1-year post-fire. The fibrous surface
roots of the grass microsites and the low topo-
graphic position of the bare interspaces favor the
deposition of wind-blown sediments, leading to the
accumulation of nutrient-enriched particles in
those microsites. Therefore, the nutrient-rich sedi-
ment and ash that were initially stored under shrub
canopies tended to be transported to and deposited
in grass and bare microsites, leading to more
homogeneous soil TC and TN spatial distributions.

CONCLUSIONS

Results of our study highlighted the difference be-
tween the three types of microsites and elucidated
the potential role of fire on counteracting the shrub
encroachment process in a grassland—shrubland
transition zone in the northern Chihuahuan De-
sert. The fact that soil moisture was reduced in
shrub microsites after the fire, combined with
lower water use efficiency of shrubs, suggests that
shrubs may lose an important competitive advan-
tage against grasses after burning. Moreover, owing
to post-fire shrub mortality, loss of shrub canopies,
and raised microtopography, shrub microsites can
be transformed from sediment and nutrient sinks to
sources following fire. These changes in the soil
resources beneath shrubs may further reinforce the
newly gained, post-fire competitive advantages of
grasses as the dispersion of the nutrient-rich soil
aggregates from shrub microsites are deposited on
the burned, grass and bare microsites. In our study,
the spatial heterogeneity of soil C and N decreased
notably 1 year after fire, denoted by the disap-
pearance of the strong islands of fertility associated
with shrub microsites. It follows that a more spa-
tially homogeneous distribution of C and N post-
fire may promote the establishment of a higher
vegetation coverage of grasses than before, thus
counteracting the resource heterogeneity induced
by the shrub invasion process in this grassland-
shrubland transition system.
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